INTRODUCTION {#SEC1}
============

DNA packaging into chromatin structure is a highly regulated step in DNA replication, which guarantees not only a high degree of compaction of the DNA but also the proper transmission of epigenetic information to daughter cells ([@B1]--[@B4]). The packaging of replicating DNA into the correct chromatin structure is critically dependent on the proper processing, transport and assembly of newly synthesized histones.

The replication-coupled assembly of newly synthesized histones into chromatin is typically described as starting in the cytoplasm, where the histones are synthesized in the large quantities necessary to support genome duplication. The first processing step appears to be the methylation of new histone H3 lysine 9, which occurs during translation ([@B5]--[@B7]). The histones then oligomerize to form stable H3/H4 and H2A/H2B dimers ([@B8],[@B9]). Once dimerized, a second processing step occurs with the acetylation of lysines 5 and 12 on the NH~2~-terminal tail of histone H4 by the Hat1 complex, which contains the histone acetyltransferase Hat1 and the histone chaperone Rbap46 (Hat2 in yeast) ([@B10]--[@B14]). It has been proposed that the modified H3/H4 dimers are then transferred to the histone chaperone Asf1 through the direct association of Asf1 with the Hat1/Rbap46/H3/H4 complex. The Asf1/H3/H4 complex can then associate with specific importins/karyopherins to facilitate the nuclear import of the H3/H4 dimers ([@B8],[@B9],[@B15]--[@B18]). Once in the nucleus, additional processing occurs with the acetylation of H3 lysine 56 and additional lysine residues in the H3 NH~2~-terminal tail ([@B15],[@B19]--[@B30]). The modified H3/H4 complexes are then transferred to the CAF-1 complex (Chromatin Assembly Factor 1), which facilitates the deposition of H3/H4 tetramers near replication forks through a physical interaction with PCNA ([@B31]--[@B39]). The new H2A/H2B dimers, which do not appear to be post-translationally modified, are likely to associate with distinct histone chaperones in the cytoplasm, such as Nap-1, which facilitate their nuclear import and assembly onto the nascent H3/H4 tetramers to form nucleosomes ([@B17],[@B40]). The nascent nucleosomes do not gain the requisite level of stability until they undergo a process of maturation. During this chromatin maturation a number of events occur, including the removal of the acetylation marks acquired by H3 and H4 during the assembly process and the association of linker histones ([@B41]--[@B45]).

The pattern of di-acetylation on newly synthesized histone H4 is highly conserved among eukaryotes ([@B46]--[@B51]). This evolutionary conservation and the strong temporal correlation between the acetylation of newly synthesized H4 molecules near the start of the chromatin assembly process and their deacetylation at the completion of assembly during maturation suggests that this modification plays an important role in replication-coupled chromatin assembly ([@B47],[@B52]). Potential functions for the di-acetylation of newly synthesized H4 include facilitating nuclear import, regulating interactions with histone chaperones or modulating the wrapping of DNA on the H3/H4 tetramer during deposition. However, several studies have shown that, at least in yeast, the absence of acetylation on H4 lysines 5 and 12 has no effect on chromatin assembly or cell proliferation ([@B53]--[@B56]). In addition, loss of either the NH~2~-terminal tail of H3 or H4 has no effect on nucleosome deposition mediated by CAF-1 ([@B57]), leaving the biological relevance of this modification unclear.

Hat1/Rbap46 complexes are also widely conserved in eukaryotes. However, despite this evolutionary conservation, the biological relevance of this enzyme remains to be elucidated. Deletion of *HAT1* in *Saccharomyces cerevisiae* has no effect on cell proliferation or global chromatin assembly ([@B10],[@B11],[@B58]). However, biochemical and molecular genetic evidence suggests that HAT1 may function in histone dynamics. First, deletion of *HAT1* in yeast results in defects in telomeric silencing and DNA double strand break repair if the *HAT1* deletion is combined with lysine to arginine mutations in the histone H3 NH~2~-terminal tail ([@B59],[@B60]). Second, the HAT1/H3 tail mutants have delayed assembly of chromatin structure following repair of a double strand break ([@B61]). Interestingly, subsequent studies, in a variety of systems from fungi to mammalian cells, have shown that Hat1 mutations on their own result in similar phenotypes ([@B13],[@B62]--[@B66]). Further support for an important role of the Hat1/Rbap46 complex in histone dynamics comes from numerous proteomic studies that have shown that Hat1 and Rbap46 are primary components of soluble H3/H4 complexes ([@B8],[@B9],[@B18],[@B67]--[@B73]).

Deletion of HAT1 in mice leads to neonatal lethality due to developmental lung defects. In addition, primary mouse embryonic fibroblasts (MEFs) obtained from Hat1^−/−^ mice display a significant growth defect relative to their wild type counterparts, and exhibit increased DNA damage sensitivity and genome instability. Importantly, Hat1 was shown to be required for the post-translational modification of newly synthesized H4. Consistent with this observation, Hat1 was found to be essential for the incorporation of K5 and K12 di-acetylated H4 during replication coupled chromatin assembly. Surprisingly, Hat1 is also necessary for the replication-dependent incorporation of newly synthesized H3 acetylated on lysines 9 and 27 ([@B13]).

Hat1^+/+^ and Hat1^−/−^ MEF cell lines provide a model system to answer the long-standing question of the role Hat1 and the acetylation of newly synthesized histones play in mammalian replication-coupled chromatin assembly. We demonstrate that Hat1 is not required for either nuclear import or deposition of core histones. Using quantitative proteomics, we identify differences in nascent chromatin between Hat1^+/+^ and Hat1^−/−^ MEFs. In the absence of Hat1, there is a decrease in the abundance of a subset of bromodomain-containing proteins, including Brg1, Baz1a and Brd3. Analysis of the binding of these proteins to modified peptide arrays is consistent with a direct role of new histone acetylation in the recruitment of these proteins to nascent chromatin. In addition, loss of Hat1 results in an enrichment of topoisomerase 2 and DNA helicases suggesting that Hat1 plays a role in ensuring proper chromatin topology during assembly. Intriguingly, we also demonstrate that Hat1 is localized to newly replicated DNA with kinetics similar to H4 lysine 5 and 12 acetylation and is evicted from chromatin during the chromatin maturation process, indicating that Hat1 may play a direct role in orchestrating the assembly and maturation of chromatin structure.

MATERIALS AND METHODS {#SEC2}
=====================

MEF cell culture {#SEC2-1}
----------------

E14.5 embryos were dissected from uterus; head, limbs and internal organs were removed. Tissue was disaggregated using an 18-gauge syringe and brought to single cell suspension with trypsin incubation at 37°C. Cells were then plated onto 100 mm tissue culture plates, passaged upon confluency and maintained in Dulbecco\'s modified Eagle medium (DMEM-Sigma) with 10% fetal bovine serum (FBS-Gibco) and 1X Pen/Strep antibiotics (Sigma). SV40 T immortalized MEFs (iMEFs) were derived from primary Hat1^+/+^ and Hat1^−/−^ embryonic day 13.5 embryos. To establish iMEFs, early passage cells were transformed with SV-40 T antigen containing plasmid pBSSVD2005 (ADDGENE, Cambridge, MA). Early passage cells were seeded at 25% confluency in six-well plates and transfected with 2 ug of expression vector using Fugene reagent (Roche). Cells were harvested and seeded into 100 mm dishes after 48 h of transfection. The cells were split at 1 in 10 dilutions until passage 5.

For the SILAC experiments, cells were grown in SILAC DMEM media (ThermoFisher Scientific) and supplemented with 10% dialyzed fetal bovine serum (ThermoFisher Scientific), antibiotics and isotopically labeled lysine and arginine (Cambridge Isotope laboratories). Hat1^−/−^ cells were grown under these conditions for at least four passages to guarantee the full incorporation of the labeled amino acids.

Immunofluorescence {#SEC2-2}
------------------

iMEFS were seeded on six-well plates containing coverslips. Cells were fixed with 4% paraformaldehyde, blocked with 5% BSA and primary antibodies against histone H4 (Abcam) were incubated overnight, washed and replaced with goat-anti-rabbit secondary antibody. Cells were mounted in Vectashield mounting media containing DAPI and imaged using a wide field fluorescence microscope.

Isolation of proteins on nascent DNA (iPOND) {#SEC2-3}
--------------------------------------------

8 × 10^7^ iMEFs were incubated with 10 μM EdU (Invitrogen) for different time periods. For thymidine chase experiments, EdU labeled cells were washed once with pre-equilibrated (temperature, pH and thymidine) medium and then incubated with 10 μM thymidine for various times. After labeling and/or pulse-chase, cells were cross-linked with 1% formaldehyde/PBS for 20 min, quenched with 1.25 M glycine and scraped off the plates and collected. After washing three times with PBS, the cells were permeabilzed by resuspension in 0.25% Triton-X100/PBS. Cells were washed with 0.5% BSA/PBS; and incubated with either click reaction buffer (10 mM biotin azide, 10 mM sodium ascorbate, 2 mM CuSO~4~ in PBS) or control buffer (same as reaction buffer but DMSO added instead of biotin azide) 1 h at room temperature, protected from light. After incubation, cells were again washed with 0.5% BSA/PBS. Cells were then lysed with lysis buffer (1% SDS, 50 mM Tris pH 8.0, 1 μg/ml Leupeptin, 1 μg/ml aprotinin). Samples were then sonicated using the Bioruptor (Diagenode) for 30 s on and 60 s off per cycle for 12 cycles. Samples were then spun down and supernatant was filtered through 90 micron nylon mesh (Small Parts) and diluted with PBS containing protease inhibitors. An aliquot of the lysate was kept as input, the rest was incubated with prewashed Streptavidin-agarose beads (Novagen) for 18 h at 4°C. The beads were then washed once with lysis buffer, once with 1 M NaCl, and twice with lysis buffer. Beads were boiled with SDS dye for 25 min at 95°C. Proteins were resolved by SDS-PAGE and detected by western blot using antibodies against HAT1, H3, H4, H2A and H2B (Abcam).

In-gel digestion of iPOND samples for mass spectometry {#SEC2-4}
------------------------------------------------------

Boiled samples were loaded into a TGX 4--15% precast gel. The gel was run until the dye front was ∼2 cm below the bottom of the loading well. Following fixation, the gel was stained with Coomassie (Bio-Rad). Disulfide bonds were reduced with DTT and alkylated with iodoacetamide prior to digestion with 600 ng trypsin (Promega). Peptides were extracted from the gel matrix, dried under vacuum and resuspended in loading buffer (2% acetonitrile, 0.1% formic acid).

LC--MS/MS {#SEC2-5}
---------

Each biological replicate was analyzed by LC--MS/MS in technical duplicate. Peptides (1000 ng/sample) were loaded on a PepMap100 C18 microcolumn (5 μm, 100 Å, 0.3 × 50 mm) and desalted for 6 min with 0.1% TFA in 2% acetonitrile. Mobile phase solvents were buffer A: 0.1% formic acid in water and buffer B: 0.1% formic acid in acetonitrile. Separation was performed using a Dionex UltiMate 3000 RSLCnano HPLC system interfaced with an EASY-Spray PepMap C18 column (3 μm, 100 Å, 0.75 × 150 mm) operated at 275**°**C and a spray voltage of 1.7 kV. Peptides were eluted along a linear gradient (5--28% buffer B) at a flow rate of 300 nl/min over 250 min followed by a column wash/equilibration step.

MS/MS data were collected on an Orbitrap Fusion operated in top-speed mode with a cycle time of 3 s. Precursor ions were isolated in the quadrupole (width 1.6 *m/z*) and detected in the Orbitrap mass analyzer with 120K resolution. Following CID fragmentation at 35% collision energy, fragment ions were detected in the linear ion trap. AGC targets were 2E5 ions or 50 ms max inject time for MS1 scans and 3E3 ions or 250 ms max inject time for MS2 scans, respectively. Ions within a ±10 ppm window were excluded from repeat fragmentation for 60 s.

Data analysis {#SEC2-6}
-------------

RAW data were uploaded to MaxQuant (v1.5.3.17) ([@B74]) and searched against a murine UniProt Swiss-Prot database (downloaded 20 November 2015; 16 741 entries) using the Andromeda search engine. Three biological replicates were analyzed as separate experiments, each with two combined technical analyses. Oxidation of M and acetylation of protein NH~2~-termini were included as variable modifications and carbamidomethylation of C was included as a fixed modification. Up to two missed cleavages were allowed and the peptide minimum length was set to seven residues with up to three amino acids labeled with Arg10/Lys8. Enzyme specificity was set for trypsin/P. The peptide mass tolerance was fixed at 20 ppm with a fragment mass tolerance of 0.5 Da. Protein and PSM FDRs were set at 0.05. The match between runs feature was enabled with default settings. Quantitation was performed for proteins with at least two unique or razor peptides and any of the variable/fixed modifications described above.

Heavy/light SILAC ratios were calculated in Perseus using intensity values from the MaxQuant proteinGroups output file. Proteins with three valid SILAC ratios (i.e. proteins quantified on both channels in at least one of two technical replicates across all three biological replicates) were kept for further analysis. A two-tailed *t*-test was performed in Excel followed by the calculation of a multi-test corrected *q*-value. Data were visualized in Excel or R.

Micrococcal nuclease digestion assays {#SEC2-7}
-------------------------------------

1 × 10^7^ Hat1^+/+^ and Hat1^−/−^ cells were collected, washed with cold PBS and incubated in lysis buffer (300 mM HEPES pH 7.5, 60 mM KCl, 300 mM sucrose, 5 mM K~2~HPO~4~, 5 mM MgCl~2~, 2 mM EDTA, and 0.5% Triton X-100) for 5 min on ice. Cells were lysed with 7 strokes in a Dounce homogenizer (type B). Nuclei were isolated by centrifugation at 120 × g for 10 min. Nuclei were washed with 1 ml MNase digestion buffer (10 mM Tris pH7.5, 15 mM NaCl, 1 mM CaCl~2~, 60 mM KCl, and 0.2 mM phenyl methyl sulfonate fluoride), resuspended in 1 ml MNase digestion buffer, and digested with 0.2 U/ml (Sigma units) of MNase at 37°C for various lengths of time. Reactions were stopped with 10 mM EDTA followed by incubation with 0.1 mg/ml proteinase K at 37°C for 5 min. DNA was then isolated using phenol extraction and ethanol precipitation and resolved by electrophoresis in a 1% agarose gel.

Histone peptide binding assay {#SEC2-8}
-----------------------------

Biotinylated histone peptides (Epicypher) were diluted to 1μM in 0.1% (v/v) triton-X100 in PBS and incubated with streptavidin beads (Novagen) for 3 h at room temperature. After three washes with binding buffer (50  mM Tris--HCl, pH  7.5, 250 mM NaCl, 0.05% (v/v) NP-40) peptide-bound beads were incubated with 100 nM GST-tagged recombinant proteins (Baz1a and Brg1, Epicypher; Brd3, Abcam) 3 h at room temperature. After binding, beads were washed three times with binding buffer and subsequently boiled with 2× SDS sample buffer and analyzed by western blotting.

RESULTS {#SEC3}
=======

Based on the evolutionarily conserved nature of the enzyme and the di-acetylation of newly synthesized histone H4 that it catalyzes, it has long been hypothesized that Hat1 plays a fundamental role in the deposition of histones during replication-coupled chromatin assembly ([@B52],[@B75]--[@B77]). We have used Hat1^+/+^ and Hat1^−/−^ MEF cell lines to analyze what, if any, aspects of replication-coupled chromatin assembly are defective in the absence of Hat1.

Hat1 is not required for nuclear import or core histone deposition {#SEC3-1}
------------------------------------------------------------------

Recent reports have suggested that the acetylation of newly synthesized histones is necessary for their proper nuclear import ([@B9],[@B70],[@B78]). As defects in histone import would be manifested as an increase in cytosolic histones or a decrease in nuclear histone content, anti-H4 antibodies were used to detect this histone by immunofluorescence; surprisingly there was no detectable increase in cytosolic histone H4 and no significant decrease in nuclear histone H4 in Hat1^−/−^ MEFs (Figure [1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}).

![Histone Acetyltransferase 1 is not essential for nuclear import or histone deposition. (**A**) Hat1^+/+^ and Hat1^−/−^ immortalized MEFs were stained with α-H4 antibody and DNA was stained with DAPI. (**B**) Quantification of the mean nuclear fluorescence intensity in cells of the indicated genotype stained with α-H4 antibody. (**C**) Hat1^+/+^ and Hat1^−/−^ cells were pulse labeled with EdU for the indicated time points. Samples were isolated and proteins associated with newly replicated DNA were resolved on SDS-PAGE following iPOND. Western blots were probed with the antibody indicated on the right. No Click control indicates negative control samples in the absence of biotin addition.](gkx545fig1){#F1}

Once in the nucleus, the H3/H4 complexes must be targeted to sites of DNA replication and assembled onto the replicating DNA as a tetramer. Acetylation on the newly synthesized histones has been proposed to influence their binding to histone chaperones or to modulate the wrapping of the negatively charged DNA onto the positively charged histones ([@B66],[@B79]). To determine whether Hat1 is required for core histone deposition, we used iPOND (Isolation of Proteins on Nascent DNA) to analyze the association of the core histones with newly replicating DNA. iPOND uses the thymidine analog 5-ethynyl-2′-deoxyuridine (EdU) to label DNA that is being actively replicated; after crosslinking protein--DNA complexes, the EdU that has been incorporated into the newly replicated DNA can be bound to biotin using click chemistry, allowing the purification of the nascent DNA using streptavidin agarose beads. Specific proteins can be detected using western blot analysis of the fractions eluted from the beads ([@B80]).

Immortalized Hat1^+/+^ and Hat1^−/−^ MEFs were labeled with EdU for increasing lengths of time to monitor the kinetics of core histone deposition on newly replicated DNA (Figure [1C](#F1){ref-type="fig"}). As has been reported previously, the acetylation of histone H4 assembled onto the newly replicated DNA is almost entirely dependent on Hat1 (Figure [1C](#F1){ref-type="fig"}) ([@B13]). PCNA, a component of the replisome, is detectable on newly replicated DNA at the 10 min time point and its levels quickly reach an equilibrium as the addition of new replisomes is balanced by the dissociation of PCNA following passage of the replication fork. In contrast, the levels of histone proteins on the replicating DNA increase with increasing times of labeling, as the histones are stably associated with the DNA. The rate at which H3 and H4 associate with newly replicated DNA is not decreased in Hat1^−/−^ MEFs and, in fact, may be somewhat more robust in the absence of Hat1. In addition, the deposition of H2A and H2B was not diminished by the loss of Hat1. These data suggest that Hat1-dependent acetylation of newly synthesized histones is not required for either histone import or deposition.

Hat1 influences the nascent chromatin proteome {#SEC3-2}
----------------------------------------------

We combined iPOND with SILAC (Stable Isotope Labeling of Amino acids in Culture) quantitative mass spectrometry to obtain an unbiased determination of Hat1-dependent changes in nascent chromatin protein composition. Immortalized Hat1^+/+^ and Hat1^−/−^ cells were grown in normal media or media containing isotopically labeled lysine and arginine, respectively. The cells were then pulse labeled for 30 min with EdU. Equal numbers of cells were combined and processed as described above for iPOND. Following streptavidin purification of EdU labeled DNA, proteins associated with nascent chromatin were subjected to in-gel tryptic digestion and the resulting peptides analyzed by mass spectrometry. Changes in the abundance of a protein on nascent chromatin between the Hat1^+/+^ and Hat1^−/−^ cells were then quantified by determining the ratios of peptides containing isotopically labeled amino acids to normal amino acids (Figure [2A](#F2){ref-type="fig"}).

![Isolation and proteomic analysis of nascent chromatin. (**A**) Schematic diagram of the IPOND-SILAC MS approach. See Materials and Methods for details. (**B**) Biological processes significantly enriched in nascent chromatin. Gene ontology analysis was performed using PANTHER pathway classification system.](gkx545fig2){#F2}

Three different clones each of Hat1^+/+^ and Hat1^−/−^ cells were analyzed in technical duplicates. The raw data obtained were filtered with high stringency and only proteins with valid SILAC ratios in all of the biological replicates were considered in the initial analysis. The biological replicates were highly reproducible and the log~2~ SILAC ratios clustered near 0 ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). The proteomic analysis identified a total of 474 proteins present on nascent chromatin ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}, note that ribosomal proteins were not included in further analyses). Gene Ontology analysis of the 474 proteins indicated that the pathways that were the most highly enriched were DNA replication and chromatin organization suggesting that we had successfully isolated nascent chromatin (Figure [2B](#F2){ref-type="fig"}). Interestingly, proteins involved in the regulation of translation, mRNA splicing and DNA repair were also highly enriched on nascent chromatin.

There have been four recent reports of quantitative proteomic analyses of nascent chromatin ([@B81]--[@B84]). These proteomic studies of nascent chromatin use different methods of nascent DNA labeling, label replicating DNA for different lengths of time and use different filters for the classification of proteins as a constituent of nascent chromatin. Despite these differences, comparison of our list of nascent chromatin proteins with the lists generated in the published studies shows significant overlap with each of these studies ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Indeed, overall, the level of overlap was greater than the overlap seen in pairwise combinations of the previously published studies ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}).

Figure [3A](#F3){ref-type="fig"} displays an overview of the 474 proteins identified on nascent chromatin sorted by their change in abundance in the Hat1^−/−^ cells with the most highly enriched proteins at the top and the most highly depleted at the bottom. In addition, each of the proteins is color-coded based on a manual sorting of each protein into one of the indicated functional categories. Figure [3B](#F3){ref-type="fig"} displays the same list in volcano plot format to indicate the statistical significance of the observed changes in abundance based on the consistency observed in the replicate samples. It is clear from these analyses that the majority of the proteins on nascent chromatin are unaffected by the loss of Hat1 and displayed \<50% depletion or enrichment in the Hat1^−/−^ cells. Importantly, proteins involved in DNA replication are largely unchanged in the absence of Hat1 indicating that this enzyme does not directly impact DNA replication.

![Histone acetyltransferase 1 influences nascent chromatin proteomics. (**A**) General overview of the 474 proteins detected by mass spec in all three Hat^+/+^ and Hat1^−/−^ samples. Length of the bar for each proteins indicates the degree of enrichment (to the right) or depletion (to the left) observed for each protein in Hat1^−/−^ nascent chromatin relative to Hat1^+/+^ nascent chromatin. Dashed lines indicate the threshold for proteins that were different by 25% or more; dotted line indicates the threshold for those proteins that were different by 50% or more. Colors indicate the different biological process to which each of the proteins is associated. (**B**) Volcano plot of the 474 proteins identified in in the comparison of Hat1^+/+^ and Hat1^−/−^ nascent chromatin. Dotted line indicates a *q* value of 0.05. (**C** and **D**) Detailed view of the proteins depleted in absence of Hat1.](gkx545fig3){#F3}

Of the 474 proteins detected on nascent chromatin, 28 (6%) are depleted by more than 50% on the Hat1^−/−^ chromatin. Strikingly, of these, 25 have no known chromatin-related function (Figure [3C](#F3){ref-type="fig"}). For example, the most highly depleted proteins in the Hat1^−/−^ nascent chromatin were CEP162, mouse centrosomal protein of 162 kDa, which plays a role in the formation of cilia with knockdown this protein causing body axis and other embryonic defects in zebrafish and RNF213, an E3 ubiquitin ligase that is a susceptibility gene for Moyamoya disease ([@B85]--[@B88]). Consistent with the role of Hat1 in the acetylation of newly synthesized H4 during chromatin assembly, we also observed a significant decrease in peptides from the NH~2~-terminal tail of H4 that contain acetylation on lysines 5 or 12 ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). We were not able to directly observe H4 peptides that contain the diacetylation of lysines 5 and 12 as these peptides are cleaved by trypsin after the unmodified lysine at position 8.

Three proteins depleted by \>50% in the Hat1^−/−^ nascent chromatin have known chromatin functions or associations (Figure [3D](#F3){ref-type="fig"}). The most highly depleted chromatin-related protein is Brg1, which is an ATP-dependent chromatin-remodeling enzyme ([@B89]). The second most depleted chromatin-related protein is 14-3-3 ε. 14-3-3 ε is a member of a family of proteins that have been shown to interact with histones in a modification-dependent manner and three other 14-3-3 family members also show moderate levels of depletion from the Hat1^−/−^ nascent chromatin ([@B90]--[@B94]). MTA1 is a component of the chromatin modifying and remodeling complex NuRD. Other components of the NuRD complex, such as MBD3, HDAC1, Rbap46, Rbap48 and CHD4, are also detected on nascent chromatin but their levels are not significantly altered by the loss of Hat1 ([@B95],[@B96]). The lone exception is Rbap46 and that will be discussed in more detail below.

Hat1 promotes recruitment of bromodomain-containing proteins to nascent chromatin {#SEC3-3}
---------------------------------------------------------------------------------

The decreased abundance of Brg1 on Hat1^−/−^ nascent chromatin may be linked to the presence of bromodomains in this protein. Bromodomains are motifs that have been demonstrated to recognize and bind to acetylated lysine residues ([@B97]--[@B99]). In addition to Brg1, two other bromodomain-containing proteins, Brd3 and Baz1a, were identified on nascent chromatin and were depleted from the Hat1^−/−^ chromatin by 25--30% (Figure [4A](#F4){ref-type="fig"}). Interestingly, both Brg1 and Baz1a have been reported to have a role in DNA replication and chromatin assembly with Baz1a being a component of the ACF complex that generates regularly spaced nucleosomes during chromatin assembly ([@B100],[@B101]). In addition, Brd3 has been shown to associate with chromatin in vivo that is enriched in histone H4 lysine 5 and lysine 12 acetylation ([@B102]). To test the hypothesis that the association of these bromodomain-containing proteins with nascent chromatin is mediated by the Hat1-dependent acetylation of newly synthesized histones, we analyzed the binding of these proteins to a series of synthetic biotin labeled peptides derived from the NH~2~-terminal tail of histone H4. In addition to the unmodified H4 tail, we also tested peptides that contain mono-acetylation at either lysine 5, 8 12 or 16 and peptides that contained di-acetylation at either lysines 5 and 12 or lysines 8 and 16. Recombinant GST-bromodomain protein fusions were incubated with the peptides and then precipitated using streptavidin agarose beads. Brg1 displayed minimal binding to the unmodified H4 NH~2~-terminal tail peptide. However, binding to the H4 tail was significantly enhanced by the presence of lysine 5 acetylation (Figure [4B](#F4){ref-type="fig"}). Brd3, containing bromodomains 1 and 2, interacted with the unmodified H4 tail peptide and this binding was enhanced most strongly by acetylation at lysine 5 and also, to a lesser degree, acetylation at lysine 12 and di-acetylation at lysines 5 and 12 (Figure [4B](#F4){ref-type="fig"}). Significant binding of Baz1a was only detected in the presence of acetylation on lysine 16 (Figure [4B](#F4){ref-type="fig"}).

![Histone acetyltransferase 1 influences the recruitment of bromodomain proteins to nascent chromatin. (**A**) Detailed view of proteins depleted in absence of Hat1; arrows point to the chromatin modifiers containing bromodomains that were found depleted in absence of Hat1. (**B**) Peptides encoding the first 23 amino acids of histone H4 containing the modifications indicated across the top were incubated with recombinant Brg1 (top), Brd3 (middle) and Baz1a GST fusions. Each peptide was also separately incubated with a control GST protein. Protein--histone peptide complexes were then precipitated with streptavidin agarose beads. Proteins bound to the beads were then resolved by SDS-PAGE and visualized with anti-GST antibodies. INPUT lane contains the relative quantity of the GST control and protein GST fusion protein that were individually added to each reaction. (**C**) Histone peptide array (Epititan, Epicypher) was incubated with recombinant Brd3-GST fusion protein. Peptides bound by Brd3-GST were visualized and quantitated per manufactures instructions. The left panel is an image of the array probed with Brd3-GST. Peptides bound by Brd3 are labeld according to the legend (note that the subscript s or a refers to the symmetric or asymmetric methylation of the indicated arginine residue. The right panel table lists the modified peptides that were bound Brd3-GST.](gkx545fig4){#F4}

To determine the binding specificity of these bromodomain-containing proteins more comprehensively, the binding specificity of Brg1, Brd3 and Baz1a was analyzed using modified histone peptide microarrays (Epititan, Epicypher). The modified histone peptide array contains 272 peptides that represent a variety of modified forms of the NH~2~-terminal tails of all four core histones. Recombinant Brd3-, Brg1- and Baz1a-GST fusion proteins were incubated with the modified histone peptide array and binding visualized using an anti-GST antibody. Binding of Brg1 and Baz1a to the peptide array was too weak to be detected. Figure [4C](#F4){ref-type="fig"} shows the peptide binding detected for Brd3. Of the 272 peptides present on the array, binding to only 16 peptides was observed and, of these, 15 were from the H4 tail (one peptide was from the H2B tail). Strikingly, all 15 H4 peptides contained acetylation on lysine 5 and/or lysine 12. Taken together, these data suggest that the Hat1-dependent acetylation of newly synthesized histone H4 on lysines 5 and 12 plays a direct role in recruiting a subset of bromodomain-containing proteins to nascent chromatin.

Hat1 is required for the proper topology of newly assembled chromatin {#SEC3-4}
---------------------------------------------------------------------

Nascent chromatin from Hat1^−/−^ cells contains decreased levels of components of several ATP-dependent chromatin-remodeling complexes (Brg1, NuRD and ACF) suggesting that the chromatin assembled in the absence of Hat1 may have altered structure or spacing. Indeed, Hat1^−/−^ nascent chromatin contained increased levels of the core histones. As seen in Figure [5A](#F5){ref-type="fig"}, changes in the abundances of all the core histones were tightly clustered and displayed increases of 25--30%. A similar level of enrichment on Hat1^−/−^ nascent chromatin was observed for several histone chaperones, including the FACT complex (SSRP1 and SPT16H), ATRX and NPM3. Consistent with an increased density of core histones, comparison of MNase digested chromatin from Hat1^+/+^ and Hat1^−/−^ cells indicated that the Hat1^−/−^ chromatin had a shorter repeat length and displayed a less distinct nucleosome ladder, which is particularly apparent for fragments containing more than four nucleosomes (Figure [5B](#F5){ref-type="fig"} and [C](#F5){ref-type="fig"}).

![Loss of Hat1 causes an enrichment in histones and histone chaperones. (**A**) Detailed view of the enriched proteins found in Hat1^−/−^ nascent chromatin. Brackets denote core histones (green bars) and arrows denote enriched histones chaperones (blue bars). (**B**) Chromatin from Hat1^+/+^ and Hat1^−/−^ immortalized MEFs was incubated with MNase the for the indicated time points. Digested and deproteinized DNA was separated in 1% agarose gel and stained with Ethidium Bromide. (**C**) Densitometer analysis of the results obtained in (B). Arrows indicate the shift in length between Hat1^+/+^ and Hat1^−/−^ chromatin.](gkx545fig5){#F5}

Analysis of the proteins most highly enriched in Hat1^−/−^ nascent chromatin also suggests that there are topological defects in chromatin assembled in the absence of Hat1 (Figure [6A](#F6){ref-type="fig"}). Eleven of the 474 proteins identified on nascent chromatin (2%) were found to be \>50% enriched on the Hat1^−/−^ chromatin. These included HELLS and CDCA7. HELLS is a DNA helicase that is specifically required for the formation of heterochromatin. The molecular function of CDCA7 is unknown but mutations in both CCDA7 and HELLS can cause immunodeficiency-centromeric instability-facial anomalies syndrome and they function in a common pathway in this disease.

![Hat1 loss results in the enrichment of factors regulating chromatin topology. (**A**) Detailed view of enriched proteins in Hat1^−/−^ nascent chromatin, arrows indicate proteins that regulate DNA or chromatin topology enriched by \>50%. (**B**) Cells were treated with ICRF193 at the indicated concentrations for 24 h. MTS assays were used to measure cell growth relative to day 0. Results are from three independent experiments (*n* = 3 replicates/experiment). Error bars represent the standard deviation of the three independent experiments. (**C**) Cell cycle analysis by flow cytometry of Hat1^+/+^ and Hat1^−/−^ MEFs treated with vehicle or 3 μM Topoisomerase 2 inhibitor ICRF193 for 12, 24 or 36 h before fixation and staining with propidium iodide.](gkx545fig6){#F6}

Topoisomerase 2α and Topoisomerase 2β were also highly enriched on Hat1^−/−^ nascent chromatin. This enrichment is specific for type 2 topoisomerases as Topoisomerase 1 is present at equivalent levels on Hat1^+/+^ and Hat1^−/−^ nascent chromatin ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Topoisomerase 2 plays an essential role in regulating the topology of the genome and is required for many processes that involve manipulation of the genome ([@B103]). Topoisomerase 2 activity was recently linked to chromatin assembly by *in silico* modeling studies. The *in silico* chromatin assembly models often generated disorganized chromatin due to the formation of incorrectly folded nucleosomes and the addition of Topoisomerase 2 activity to the models reversed these defects and restored proper chromatin formation ([@B104]).

We hypothesized that assembly of chromatin in the absence of Hat1 resulted in improperly formed nucleosomes and that Topoisomerase 2 activities were then recruited to the nascent chromatin to resolve the topological constraints imposed by the defective nucleosomes. This hypothesis predicts that Hat1^−/−^ cells should be hypersensitive to the inhibition of Topoisomerase 2 activity. Therefore, we treated Hat1^+/+^ and Hat1^−/−^ cells with a Topoisomerase 2 inhibitor. ICRF193 was used, as it does not result in the formation of double strand breaks to which Hat1^−/−^ cells are sensitive ([@B105]). As expected, given the essential role of Topoisomerase 2, increasing doses of ICRF193 were lethal to Hat1^+/+^ cells but, at each drug concentration, Hat1^−/−^ cells displayed increased sensitivity (Figure [6B](#F6){ref-type="fig"}). To determine whether the effect of ICRF193 on Hat1^−/−^ cells was restricted to a specific phase of the cell cycle, cells treated with 3 uM ICRF193 were analyzed by flow cytometry at different time points following treatment. As seen in Figure [6C](#F6){ref-type="fig"}, after 12 h both Hat1^+/+^ and Hat1^−/−^ cells had largely completed S phase and were primarily in G2/M phase. After 24 hours, some cells from both genotypes successfully pass through mitosis to G1 but a significant fraction become aneuploid due to the inhibition of Topoisomerase 2. By 36 hours, the Hat1^+/+^ cells are predominantly in G2/M while a significant fraction of the Hat1^−/−^ cells remained in either G1 or S phase. Hence, while both the Hat1^+/+^ and Hat1^−/−^ cells can traverse the first round of DNA replication in the presence of a Topoisomerase 2 inhibitor, the Hat1^−/−^ cells displayed defects during the second cell cycle. Hence, loss of Hat1 sensitizes cells to Topoisomerase 2 inhibition.

Hat1 may directly regulate chromatin maturation {#SEC3-5}
-----------------------------------------------

The initial bioinformatics analysis of the nascent chromatin quantitative proteomics relied on measuring the change in abundance of proteins that were detected in all three of the Hat1^+/+^ and Hat1^−/−^ samples. This analysis did not take into account proteins that were undetectable in the Hat1^−/−^ nascent chromatin. The proteomic data were reanalyzed to capture proteins whose presence on nascent chromatin was completely dependent on Hat1. Five proteins were identified that were present in at least two of the Hat1^+/+^ nascent chromatin samples and were completely absent from the Hat1^−/−^ nascent chromatin (Figure [7A](#F7){ref-type="fig"}). Kaiso is a transcriptional repressor that can bind methylated DNA and recruit co-repressor complexes ([@B106]--[@B109]). Chio (chimaerin), PCKGM and Gemin-5 have no know association with chromatin. Interestingly, Hat1 was also detected on two of the Hat1^+/+^ nascent chromatin samples. The presence of Hat1 on nascent chromatin is consistent with a recent report that showed that Hat1 could be immunoprecipitated with BrdU-labelled DNA from *Physarum polycephalum* ([@B70]).

![Hat1 transiently associates with nascent chromatin. (**A**) Proteins whose presence on nascent chromatin is completely dependent on Hat1. **B**) HAT1^+/+^ cells were pulse labeled with EdU for the indicated time points. Samples were isolated and proteins associated with newly replicated DNA were resolved on SDS-PAGE following iPOND. Western blots were probed with the antibody indicated on the right. No click control indicates negative control samples. (**C**) Hat1^+/+^ cells were labeled with EdU for 30 min, after several washes cells were chased with thymidine for the indicated time points. Samples were processed as indicated in B. (**D**) Model for the role of Hat1 during replication-coupled chromatin assembly. (**E**) Model indicating the binding of the bromodomains of Brg1 and Brd3 to newly assembled histone H4 in nascent chromatin.](gkx545fig7){#F7}

To confirm that Hat1 is physically associated with newly assembled chromatin, we performed an iPOND experiment using increasing lengths of EdU labeling. As seen in Figure [7B](#F7){ref-type="fig"}, Hat1 accumulated on newly replicated DNA with kinetics that were similar to the appearance of histone H4 lysine 5 acetylation. Hat1 has always been found to function in the context of a complex with Rbap46 (Hat2). It is likely that Hat1 is recruited to nascent chromatin as part of a Hat1/Rbap46 complex. Our data show that Rbap46 is the most highly depleted histone chaperone on Hat1^−/−^ nascent chromatin (∼40% depletion). It is likely that Rbap46 is not completely lost from nascent chromatin in the absence of Hat1 due to its presence in other complexes that are present on the nascent chromatin such as the NuRD complex ([@B95],[@B110]). A direct demonstration of the association of Rbap46 with newly replicated DNA via iPOND was not feasible as the fixation step of the iPOND procedure resulted in blocking the binding of α-Rbap46 antibodies.

To determine whether Hat1 is a stable component of chromatin or whether it is transiently associated with newly replicated chromatin, we performed iPOND using a pulse chase with EdU and thymidine. From the data in Figure [7C](#F7){ref-type="fig"}, Hat1 was transiently associated with nascent chromatin. Hat1 was retained on chromatin longer than PCNA suggesting that Hat1 was likely not associated with the DNA replication machinery. Hat1 appeared to dissociate from nascent chromatin during the time period where chromatin maturation occurs. Indeed, the loss of Hat1 preceded the loss of H4 lysine 5 and lysine 12 acetylation. The observation that dissociation of Hat1 from chromatin precedes deacetylation of H4 lysines 5 and 12 suggests that Hat1 may be directly regulating chromatin maturation by acting to maintain the acetylation state of newly synthesized histone H4.

DISCUSSION {#SEC4}
==========

While the di-acetylation of newly synthesized histone H4 on lysine 5 and 12 was discovered \>40 years ago, the function of this mark in the process of chromatin assembly has remained an open question ([@B48],[@B50],[@B111]--[@B113]). Using Hat1^+/+^ and Hat1^−/−^ MEF cell lines we recently demonstrated that Hat1 is required for the acetylation of lysines 5 and 12 on histone H4 molecules deposited during replication-coupled chromatin assembly. We have now used this model system to directly analyze the effect of Hat1 on the assembly of nascent chromatin.

A number of reports have suggested that the acetylation of newly synthesized histone H4 plays a direct role in facilitating the nuclear import of H3/H4 dimers. Experiments in both *S. cerevisiae* and mammalian cells using fusions of the H4 NH~2~-terminal tail to fluorescent proteins show that the H4 tail can direct nuclear import of the fusion protein. Results in yeast show that mutating lysines 5, 8, 12 and 16 to alanine significantly decreased import into the nucleus ([@B78]). Conversely, in HeLa cells, mutating H4 lysines 5 and 12 to glutamine, which mimics the acetylation of these residues, enhances nuclear import of the fusion. Consistent with this observation, acetylation of lysines 5 and 12 enhances the binding of synthetic H4 NH~2~-terminal tail peptides to the histone nuclear import factor Importin-4 ([@B114]). Mutation of lysines 5 and 12 were also shown to influence the import of recombinant H4 proteins into the nuclei of *P. polysephalum*. While recombinant wild type or lysine 5 and 12 to glutamine mutants were efficiently imported into the nucleus, lysine 5 and 12 to arginine mutants were not ([@B70]). However, a recent comprehensive analysis of the binding of H4 tail peptides to a wide range of importins showed that acetylation of H4 lysine 5 and 12 had little impact on the binding of the H4 tail to any of the importins tested ([@B115]). Our results are consistent with the latter analysis and suggest that the Hat1-dependent acetylation of newly synthesized histone H4 does not have a significant effect on nuclear import of this histone. While the assay we used may not have been capable of detecting subtle changes in nuclear import in the Hat1^−/−^ cells, the lack of a defect in histone deposition in these cells suggests that any potential decrease in nuclear import is not functionally relevant. There may be a number of reasons to explain the discrepancies in these results. For example, H4 NH~2~-terminal tail fusion proteins and recombinant histones may not be imported into the nucleus using the same pathway used by endogenous H3/H4 complexes.

The role of Hat1 in the replication-coupled deposition of histones H3 and H4 is typically described as a transient one. The newly synthesized H3 and H4 interact with chaperones that facilitate the formation of dimers. These dimers then interact with the Hat1/Rbap46 complex, which acetylates H4 on lysines 5 and 12. This modified H3/H4 complex is then passed to Asf1, which interacts with specific Importins to bring the histones into the nucleus. Following additional acetylation, the H3/H4 complexes are then passed to other histone chaperones, such as CAF-1, which then results in their deposition onto newly synthesized DNA.

Our results suggest that Hat1 plays a much more extensive role in this process. As depicted in Figure [7D](#F7){ref-type="fig"}, we propose that the Hat1/Rbap46 complex does not dissociate from histone H4 following its acetylation. Rather, Hat1 remains associated with H3/H4 throughout the process of nuclear import and histone deposition. It is likely that the Hat1/Rbap46/H3/H4 complex functions in the Asf1-dependent pathway as it has been demonstrated that the Hat1/Rbap46 complex and Asf1 can bind H3/H4 simultaneously ([@B8],[@B15]). It is possible that the Hat1/Rbap46/H3/H4 complex may also participate in Asf1-independent histone import and deposition pathways, perhaps through association with the histone chaperone NASP ([@B61],[@B67],[@B116]). Following deposition onto newly replicated DNA, the Hat1/Rbap46 complex remains bound to the newly deposited histones. The mechanism by which the Hat1/Rbap46 dissociates from nascent chromatin is not clear but it appears that chromatin maturation, at least in terms of the deacetylation of new H4 lysines 5 and 12, does not proceed until this dissociation occurs. Hence, the Hat1-dependent acetylation of newly synthesized histone H4 may function to regulate both nascent chromatin assembly and maturation.

The prolonged association of the Hat1/Rbap46 complex with newly synthesized H3 and H4 is consistent with numerous proteomic studies of soluble H3/H4 complexes. Soluble forms of histone H3 or H4 have been purified from cytosolic and nuclear extracts and from a variety of different eukaryotic organisms ([@B8],[@B18],[@B67]--[@B73],[@B114]). In each case, Hat1 and Rbap46 (Hat2) were found to be prominent components of these soluble histone complexes. Clearly, the Hat1/Rbap46 complex is involved in stable associations with histones H3 and H4 when they are not incorporated into chromatin. The stable association of the Hat1/Rbap46 complex with soluble H3/H4 complexes may also provide a rationale for the recent observation that loss of Hat1 impacts the acetylation state of histone H3 during replication-coupled chromatin assembly ([@B13]). While Hat1 does not have enzymatic activity toward histone H3, the association of H3 with the Hat1/Rbap46 complex may be required for the subsequent acetylation of histone H3.

Proteomic comparisons of nascent chromatin assembled in the presence and absence of Hat1 indicate that Hat1 is not required for the physical association of the core histones with chromatin but, rather, that the structure of the chromatin formed in the absence of Hat1 is defective. This is indicated by alterations in the abundance on nascent chromatin of multiple factors that influence DNA topology and chromatin structure. Our results suggest a number of mechanisms by which Hat1 may be influencing the structure and topology of nascent chromatin. First, the Hat1-dependent acetylation of histone H4 may directly target bromodomain-containing chromatin modifying activities to the newly deposited histones. Indeed, Brd3 and Brg1 display specificity for binding to H4 NH~2~-terminal tail peptides that contain lysine 5 and/or lysine 12 acetylation (Figure [7E](#F7){ref-type="fig"}). A recent iPOND quantitative proteomics analysis found that, in addition to Brd3, Brd2 and Brd4 are also components of nascent chromatin ([@B83]). While we did not detect Brd2 and Brd4, it is likely that our effort to minimize false positives by only including proteins identified in all biological replicates also resulted in the loss of some true positives from our dataset. Efforts to directly assess the effect of Hat1 loss on the association of Brd2 and Brd4 with nascent chromatin have been hindered by technical difficulties arising from the effect of the iPOND procedure on the antigenicity of some proteins. While the function of Brd3 is not known, the depletion of Brg1 and Baz1a could clearly alter the structure and topology of the newly assembled chromatin. For example, a decrease in the Baz1a-containing ACF complex on nascent chromatin could result in nucleosomes that are more tightly packed. Alternatively, the decrease in ACF could result in the accumulation of prenucleosomes that are not converted into canonical nucleosomes in a timely fashion ([@B117]). Either of these possibilities is consistent with the shorter repeat length and the enrichment of core histones observed in nascent chromatin from the Hat1^−/−^ cells. The depletion of Brg1 on nascent chromatin in the absence of Hat1 may also trigger a compensatory enhancement of Topoisomerase 2 recruitment as these proteins function synergistically in the formation of facultative heterochromatin ([@B118]). Second, the physical association of the Hat1/Rbap46 complex with the newly synthesized histones during their deposition onto DNA may play a direct role in orchestrating the wrapping of the DNA onto the H3/H4 tetramer. This suggests that it may not be just the enzymatic activity, but also the histone chaperone function of the Hat1/Rbap46 complex, that is involved in regulating the assembly and maturation of nascent chromatin ([@B119]). Relatedly, the presence of the Hat1/Rbap46 complex on newly assembled nucleosomes may influence the association of neighboring nucleosomes, either through steric hindrance of through blocking the electrostatic interactions between the H4 NH~2~-terminal tails and the acidic patch on the face of adjacent nucleosomes ([@B120]). Finally, Hat1 may be involved in the acetylation of non-histone components of nascent chromatin. The localization of these factors and their subsequent influence on nascent chromatin structure could be altered by the presence or absence of Hat1-dependent acetylation.
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